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Abstract: Light moduli fields in string compactifications can have interesting implica-
tions for particle physics and cosmology. Fifth force bounds impose stringent constraints on
the interactions of such moduli with the visible sector. To be consistent with the bounds,
they need to be part of hidden sectors which interact with the Standard Model with weaker-
than-Planck suppressed interactions. We consider scenarios in which the visible sector
degrees of freedom are localised in the compactification and light moduli arise as closed
string degrees of freedom associated with hidden sectors which are geometrically separated
(in the extra-dimensions) from the Standard Model. Kinetic mixings lead to interactions
between the moduli and the visible sector - we compute these using Ka¨hler potentials of
string/M-theory compactifications. We argue that in general these interactions provide a
lower bound on the strength of the interactions between the moduli and the visible sector.
The interactions scale with inverse powers of the volume of the compactification, thus fifth
force bounds can be translated to lower bounds on the volume of the extra-dimensions.
We find that compactification volumes have to be large to evade the bounds. This imposes
interesting constraints on quintessence model building in string theory. Our results for the
strength of the interactions can also be used to quantify the fine-tuning necessary for the
stability of the potential of a light modulus against quantum corrections involving visible
sector loops.
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1 Introduction
Moduli fields are a generic feature of string compactifications. Typically, they couple to
the visible sector via Planck suppressed interactions; fifth force bounds then require their
masses to be above the meV scale (see e.g. [1, 2]). This bound is usually not considered as a
challenge for string phenomenology since effective field theory arguments tie moduli masses
to the scale of supersymmetry breaking. Thus, even if supersymmetry is responsible for
stabilising the weak scale, the lightest moduli are expected to have masses of the order of a
TeV. Although they do not mediate any long-range forces, such moduli have a significant
impact on cosmology (as vacuum misalignment leads to an epoch in which the energy
density of the universe is dominated by cold moduli particles). This leads to interesting
phenomenological scenarios which have correlations between scales in particle physics and
cosmology [3, 4].
One should keep in mind that the above line of reasoning relies on effective field theory
arguments and naturalness considerations. The extreme smallness of the observed value
the cosmological constant has put the doctrine of naturalness under question. Given this,
it is worth exploring the phenomenology of string compactifications with light moduli that
can mediate long-range forces. For such theories, fifth force bounds impose very stringent
constraints [1, 2, 5–10]. The couplings between the moduli and the visible sector have to be
significantly weaker than that of gravitational interactions. Thus, the moduli have to arise
from hidden sectors which interact very weakly with the Standard Model. Hidden sectors
are generic in string theory and are often necessary for the consistency of compactifications,
see for example [11] for a discussion in the context of heterotic orbifold models, [12] in type
– 1 –
II, [13] in F-theory and [14, 15] in M-theory. Moduli associated with such sectors can have
interesting dynamics which can be important for late time cosmology.
There has been steady progress in our understanding of moduli dynamics and their
cosmological implications. In this context, the simplest possibility is to stabilise all the
moduli at a de Sitter minimum. The most well-developed models for such a scenario are
in type IIB [16–27], where fluxes threading the internal cycles are responsible for a large
multitude of solutions [28–32]. Models in M-theory were constructed in [33]. For construc-
tions in heterotic strings see [34], and for constructions in type IIA see [35]. Constructions
in non-critical strings have been carried out in [36]. There have also been efforts to con-
struct models of quintessence in string/M-theory [38–42]. Of these, the ones with moduli
stabilisation are closely related to the de Sitter constructions and make use of the same
approximations.
At the same time, a conjecture has been put forward which puts all de Sitter vacua
in the swampland [43] (for earlier criticisms of dS constructions see e.g. [44–49]) and
implies that the current cosmic acceleration is driven by quintessence. So far, the evidence
presented in favour of the conjecture has been only in classical string theory [43] and
regimes of parametric weak coupling [50], see [51–54] for recent reassessments of de Sitter
constructions and critical discussions of the conjecture. Related explorations have been
carried out in [55–118].
If the present-day dark energy is to be attributed to quintessence (see [119] for a re-
cent review of quintessence), then the associated scalar has Compton wavelength of the
order of the cosmological horizon. The field is effectively massless and the stringent fifth
force bounds described above need to be addressed1 (see e.g. [120]). As a possible reso-
lution to the problem, it has been proposed that the quintessence field can be a modulus
field in a hidden sector which is geometrically separated from the Standard Model sector
[43, 55]. Geometric separation implies that the wavefunctions of the modes in the extra-
dimensions have negligible overlap and hence leads to the absence of certain couplings in
the tree level (super)potential. But the sequestering is never complete - higher derivative
corrections, loop effects and kinetic mixings invariably lead to interactions between sectors
that are geometrically separated [125]. While small, such interactions can have impor-
tant phenomenological implications: in some situations they can be used to generate small
numbers, while in others they can generate matrix elements that can be dangerous for
phenomenology.
The goal of this paper is to analyse the strength of interactions between the Standard
Model sector and geometrically separated moduli fields. We will examine the mixings in
the context of fifth force bounds, and translate the bounds to criteria on the geometry of
compactifications. This will give us lower bounds on the volume of compactifications. We
analyse mixings that arise between scalars and mixings of U(1) gauge fields. In the case
of the scalars, the mixings arise from the diagonalisation of the kinetic and mass matrices.
We will argue that in general the mixing from diagonalising the kinetic term provides
1In addition, bounds on the time variation of fundamental constants impose further constraints [121].
From a theoretical perspective, stabilising the potential of the quintessence field against quantum corrections
requires fine-tuning at the functional level [122–124].
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a lower bound on the strength of the interactions (unless the kinetic and mass matrices
are aligned). Given this, in order to keep our results as model-independent as possible
we will not commit to any potential for the scalars - we will consider the known form of
the Ka¨hler potential in various string/M-theory constructions and obtain the lower bounds
they imply on the strength of interactions between a geometrically separated modulus and
the Standard Model sector. The Ka¨hler potentials we will use are valid in the limit of
weak coupling and large volume, this is also the regime in which the effects of geometric
separation are expected to be maximal. We find that even the lower bounds imposed by
them give interesting constraints on model building2. Our analysis also reveals that in some
constructions the geometrically separated modulus couples to different degrees of freedom
of the Standard Model with different strengths. Detailed analysis of the implications of a
scalar mediated fifth force for violations of the equivalence principle has been only carried
out for the cases in which the scalar couples with a universal strength to the Standard Model
degrees of freedom. Our results motivate a comprehensive study of the phenomenology
when the couplings are non-universal.
This paper is organised as follows. Section 2 reviews fifth forces mediated by light
scalars: the basic formalism used for their study and the experimental bounds. Section 3
discusses the couplings that arise as a result of kinetic mixing of scalar moduli. Here, we
begin with a general discussion which illustrates how potentially dangerous couplings can
arise from kinetic mixing. We then go on to specific examples and obtain the strengths of
the couplings that are induced. The computations will use the same methods as in [127],
although there the analysis was carried out in the presence of a specific potential - both the
kinetic and mass matrices were diagonalised ([128] also diagonalises both kinetic and mass
matrices in a large class of examples). Having obtained the strength of the interactions we
will use the observational bounds on fifth forces mediated by light scalars to discuss the
implications of our results for model building (particularly in the context of quintessence).
Section 4 deals with kinetic mixing of gauge bosons. Section 5 gives a general discussion
of our results and future directions.
2 Light Scalars and Fifth Forces
Fifth forces are ubiquitous in Beyond the Standard Model (BSM) theories. For detailed
reviews of the experimental efforts to detect fifth forces, the bounds and the theoretical
origin of fifth forces in various BSM scenarios see e.g. [1, 2, 5]. Our discussion shall be in
the context of light scalars, in particular the fifth force that would be mediated by a scalar
field driving quintessence. Recall that the mass of the field driving quintessence has to
be of the order of 10−32 eV and the corresponding Compton wavelength is approximately
1025 m. This is almost of the size of the observable universe: for the purposes of studying
the effects that such a scalar can have on the violations of the equivalence principle it can
be taken to be massless. The basic formalism for analysing the violations of the equivalence
principle that can be induced by a scalar (both massive and massless) was developed in
2Our results should also be interesting in the context of the scalar version of the weak gravity conjecture
[126], although we do not explore this in detail.
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[6] (for a qualitative and simplified discussion in the context of quintessence we refer the
reader to [120]). Here we briefly review the results of [6] that shall be relevant for our
discussion.
The starting point for the analysis of [6] is the effective action for the Standard Model
and the scalar at energy scales slightly above 1 GeV. The relevant degrees of freedom in
the Standard Model are the up (u) and down (d) quarks, the electron (e), the photon Aµ
and the gluonic gauge fields AAµ (it can be argued that the effects related to the strange
quark are negligible). The couplings of the scalar (χ) to the Standard Model degrees of
freedom are characterised by five parameters di (de, dg, dme , dmu and dmd) which appear in
the interactions of the scalar:
Lintχ = χ
Mpl

+ de
4e2
FµνF
µν − dgβ3(g3)
2g3
FAµνF
Aµν −
∑
e,u,d
(dmi + γmidg)miψ¯iψi

 , (2.1)
where β3(g3) = µ∂g3(µ)/∂µ is the QCD β-function that governs the running of g3 and
the second term in Eq. (2.1) is given by the QCD trace anomaly. Reference [6] analysed
violations of the equivalence principle that can arise as a result of the above interactions
and found that the violations induced are a function of the mass of the scalar, composition
of the test bodies and a four dimensional subspace of the five dimensional parameter space.
The interactions in Eq. (2.1) are defined at a low scale (µ ∼ 1 GeV). They are
supposed to be determined from RG evolution of a high scale Lagrangian derived from
string (or any other UV complete) theory, defined at a cut-off scale Λc. The UV Lagrangian
would contain the terms:
LΛc ⊃ −
1
4e2(Λc, χ)
FµνF
µν − 1
4g23(Λc, χ)
FAµνF
A,µν −
∑
e,u,d
mi(Λc, χ)ψ¯iψi . (2.2)
The UV interaction strengths can be defined by introducing the parameters (dci ):
dce =Mpl
∂ ln e2(Λc, χ)
∂χ
, dcg =Mpl
∂ ln g23(Λc, χ)
∂χ
, dcmi =Mpl
∂ lnmi(Λc, χ)
∂χ
. (2.3)
While the precise relationships between the UV interaction strengths (dci ) and the low
energy parameters (di) will depend on the details of the theory, [6] argued on general
grounds that
de ∼ dce, dg ∼ Kdcg, dmi ∼ Kmidcmi , (2.4)
where K,Kmi are constants of the order of 40. A more detailed analysis of violations of
the equivalence principle was carried out assuming that all the UV interactions are of the
same magnitude (as is true in many string theory examples), i.e.
dce ∼ dcg ∼ dcmi ≡ dc,
In this case, it was found that the equivalence principle violating effects can be parametrised
in terms of only two variables (which are functions of the di and the atomic weights and
numbers of the test bodies) and the mass of the scalar. Using the results of the Eo¨tWash
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experiment [129] and celestial Lunar Laser Ranging [130], for massless scalars ref. [6]
obtained the bound
(dc)2 < 10−12. (2.5)
More recently, data from the MICROSCOPE mission [7] has been analysed using the two
variable parametrisation of [6]. Consequently, the above bound has become stronger by
one order of magnitude [8].
3 Kinetic mixing of Scalars
3.1 General argument
In this subsection, we argue that in general geometric separation does not lead to complete
sequestering between a modulus and the visible sector, as kinetic terms always produce
mixings. Consider N scalar fields φI with the Lagrangian
L = KIJ(φI)∂µφI∂µφJ − V (φI) , (3.1)
where the kinetic matrix KIJ is positive definite and I, J = 1, . . . , N . In string/M-theory
compactifications, the kinetic and potential terms are derived from the Ka¨hler and super-
potential of the construction. These are computed in the geometric basis for the scalars,
that leads to the absence of direct couplings between geometrically separated sectors in the
tree level superpotential. In order to obtain physical couplings, canonical normalisation
has to be carried out. At any specific point in field space one can write the fields φI as
sums of their expectation values and fluctuations: φI = 〈φI〉+ δφI , then carry out a linear
change in basis which takes the fluctuations in the geometric basis (δφI ) to the canonical
ones (ϕI):
δφI =MIJϕJ , (3.2)
where the matrix MIJ satisfies
KIJMIKMJL = δKL , (3.3)
so that the kinetic terms becomes diagonal. We note that the matrixMIJ is easily obtained
from the eigenvectors of kinetic matrix. The condition in Eq. (3.3) can be satisfied by
taking
MIJ =
eIJ√
λJ
, (3.4)
where eIJ is the J
th eigenvector (normalised to unity) of the kinetic matrix and λJ is the
corresponding eigenvalue.
Consider a situation where in the geometric basis a certain Standard Model coupling
is determined by particular field a (φA), for instance the gauge coupling of D7-branes
wrapping the cycle A:
L ⊃ φAF aµνF a,µν , (3.5)
On making the basis change to the canonical basis this leads to a term in the Lagrangian:
L ⊃MAJϕJF aµνF a,µν . (3.6)
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Note that in the new basis, the strength of the coupling of a (geometrically separated)
scalar ϕB to the gauge fields is determined by the magnitude of the off-diagonal entry
MAB. Thus, potentially dangerous couplings between the Standard Model gauge bosons
and a geometrically separated scalar can be generated. Similarly, the Standard Model
Yukawas can also acquire dependence on hidden sector scalars. We will examine both
dependences in detail in the examples below.
After canonically normalising kinetic terms, the mass matrix has to be diagonalised.
This basis change depends on the potential for the scalars. If the mixings induced by this
are of smaller magnitude than those induced by the basis change required for canonical
normalisation of the kinetic terms, they can be neglected. On the other hand, if the mixings
that arise from diagonalising the mass matrix are of larger magnitude, then the interactions
induced are of greater strength than those obtained from canonical normalisation of the
kinetic terms. If both basis change matrices have off-diagonal entries of the same order
of magnitude, the strength of interactions is in general of the order of magnitude given
by those obtained from canonical normalisation of the kinetic matrix. Thus, unless the
kinetic and mass matrices are aligned so that their effects precisely cancel, the strength of
the mixings after diagonalising the mass matrix can only increase. Therefore, in order to
make our study model independent we will not commit to any potential for the scalars.
We will consider Ka¨hler potentials in various compactifications and obtain the strengths of
the mixings they induce3. Our results should therefore be considered as lower bounds on
the strengths of the interactions.
Given the constraints from fifth force bounds and time variation of fundamental con-
stants, our results have interesting implications for model building with light scalars (par-
ticularly in the context of quintessence). The above arguments imply that there are es-
sentially two ways to avoid dangerous couplings between the Standard Model sector and a
light scalar:
• The size of the off-diagonal entries in the basis change matrix (which induce the
coupling between the scalar and the visible sector) are small. This will impose lower
bounds on the volume of the compactification in the examples that we consider below.
• There is negligible coupling between the light direction in field space and the Stan-
dard Model. This requires tuning. Firstly, this would require an alignment between
the kinetic and mass matrices (as described above). Secondly, in general different
Standard Model degrees of freedom couple to different directions in the scalar field
space (as we will see in the examples below). Thus the absence of couplings to all
the degrees of freedom would require further tuning.
We now turn to the analysis of kinetic mixing in specific settings. We shall consider
examples where the geometrically separated scalar is a blow-up mode or fibre modulus.
The visible sector will be realised by branes wrapping a blow-up cycle or from branes at
3See [127, 128] for computations where both kinetic and mass matrices are diagonalised. The basis
mechanism behind the mixings is similar.
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singularities. It will suffice to consider semi-realistic models of the visible sector for our
purposes.
3.2 Blow-up Models
Blow-up moduli, corresponding to resolutions of point-like singularities, have their wave-
functions localised in the internal manifold. If the visible sector degrees of freedom are
localised away from the resolution, then it is natural to expect that they will interact with
the blow-up of a point-like singularity weakly. In this subsection, we will take the light
scalar (candidate to be driving quintessence) to be a blow-up mode. We start by looking
at IIB string theory, where we consider two examples: the case when the Standard Model
is realised from D7-branes wrapping another blow-up mode (in the geometric regime) and
the case when it is realised from branes at singularities. We then study an example in
M-theory with a single blow-up mode.
3.2.1 SM at a geometric blow-up
In type IIB Calabi-Yau compatifications, the Ka¨hler potential is given by
K = −2 log V, (3.7)
where V is the volume of the compactification. Consider a Swiss-cheese type Calabi-Yau
which has three Ka¨hlermoduli: with τ0 as the big cycle and τ1,2 as two blow-ups. We will
work with a setup where the Standard Model degrees of freedom will be localised on τ1 and
the role of geometrically separated light modulus is played by τ2. The Ka¨hler potential for
the moduli takes the form:
K = −2 log
(
α
(
τ
3/2
0 − γ1τ3/21 − γ2τ3/22
))
, (3.8)
where α, γ1 and γ2 are constants
4. In the large volume limit, V ≃ τ3/20 ≫ 1, we can work
perturbatively in ǫ ≡ τ−10 ≪ 1. The Ka¨hlermetric can be expanded as
Kij = K
(0)
ij +K
(1)
ij +K
(2)
ij + ... , (3.9)
with
K
(0)
ij =

Aǫ
2 0 0
0 Bǫ3/2 0
0 0 Cǫ3/2

 ,
K
(1)
ij =

 0 Dǫ
5/2 Eǫ5/2
Dǫ5/2 0 0
Eǫ5/2 0 0

 , K(2)ij =

0 0 00 0 Fǫ3
0 Fǫ3 0,

 , (3.10)
where we have defined
A =
3
4
, B =
3γ1
8
√
τ1
, C =
3γ2
8
√
τ2
,
4For explicit realisations in weighted projective spaces see e.g. [131].
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D = −9
8
γ1
√
τ1 , E = −9
8
γ2
√
τ2 , F =
9
8
γ1γ2
√
τ1τ2 . (3.11)
The unperturbed eigenvalues (denoted by superscript (0)) can be read then from the diag-
onal entries of the matrix K(0) and are
λ
(0)
0 = Aǫ
2 , λ
(0)
1 = Bǫ
3/2 , λ
(0)
2 = Cǫ
3/2 , (3.12)
corresponding to the unperturbed eigenvectors
B(0) =



10
0

 ,

01
0

 ,

00
1



 . (3.13)
Recall that non-degenerate perturbation theory is good as long as the splittings in the
unperturbed eigenvalues are larger than the size of the perturbations. We will assume
that we are away from special points in moduli space where the splittings are small or
comparable to the perturbations, and use non-degenerate perturbation theory to compute
the eigenvalues and eigenvectors of Kij
5.
Consider the first perturbation, K
(1)
ij : the perturbed eigenvalues can be computed in
perturbation theory by solving the equation
det
(
K
(0)
ij + ǫK
(1)
ij − λδij
)
= 0 . (3.14)
As expected for off-diagonal corrections connecting non-degenerate eigenvalues, the correc-
tion appears at O(ǫ2) in perturbation theory. We define
λ
(1)
0 = λ
(0)
0 + δ1λ0 , λ
(1)
1 = λ
(0)
1 + δ1λ1 , λ
(1)
2 = λ
(0)
2 + δ1λ2 . (3.15)
Then the corrections are
δ1λ0 ≃ BE
2 + CD2
BC
ǫ7/2 , δ1λ1 ≃ D
2
B
ǫ7/2 , δ1λ2 ≃ E
2
C
ǫ7/2 . (3.16)
Using these results we can find the first-order perturbed eigenvectors:
B(1) =

v(1)0 =


1
β
(1)
0
γ
(1)
0

 , v(1)1 =

α
(1)
1
1
γ
(1)
1

 , v(1)2 =

α
(1)
2
β
(1)
2
1



 , (3.17)
where
β
(1)
0 = −
D
B
ǫ , γ
(1)
0 = −
E
C
ǫ ,
α
(1)
1 =
D
B
ǫ , γ
(1)
1 =
ED
B(B − C)ǫ
2 ,
5For special points in the moduli space where the splittings are small in comparison with the pertur-
bations, our results can be easily generalised using degenerate perturbation theory. Here we note that
typically break down of non-degenerate perturbation theory implies that the perturbation leads to stronger
mixings between the unperturbed eigenvectors.
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α
(1)
2 =
E
C
ǫ , β
(1)
2 =
ED
C(C −B)ǫ
2 . (3.18)
Next, we compute the corrections induced by K
(2)
ij . They can be computed by simply
requiring that (
K
(0)
ij +K
(1)
ij +K
(2)
ij
)
v
(2)
j = λ
(1)
i v
(2)
i , (3.19)
where
v
(2)
i = v
(1)
i + δ2vi , i = 1, 2, 3 , (3.20)
and
v
(2)
0 =


1
β
(1)
0
γ
(1)
0

+

δ2α0δ2β0
δ2γ0

 , v(2)1 =

α
(1)
1
1
γ
(1)
1

+

δ2α1δ2β1
δ2γ1

 , v(2)2 =

α
(1)
2
β
(1)
2
1

+

δ2α2δ2β2
δ2γ2

 ,
(3.21)
The only non-subleading contributions are
δ2γ1 =
F
B − C ǫ
3/2 , δ2β2 =
F
C −Bǫ
3/2 . (3.22)
Having obtained the eigenvalues and eigenvectors, let us compute the basis change
which relates the geometrical moduli to the canonically normalised ones. As we do not
make assumptions about the scalar potential, let us expand the fields τi = 〈τi〉+δτi around
the generic point (〈τ0〉, 〈τ1〉, 〈τ2〉). The first entry fixes the value of the expansion parameter
ǫ = 1/〈τ0〉, while the last entry is the classical value of the quintessence field. Eq. (3.4)
then gives the basis change matrix to be
M =


2√
3ǫ
−2
√
6〈τ1〉5/4
γ
1/2
1
ǫ1/4 −2
√
6〈τ2〉5/4
γ
1/2
2
ǫ1/4
2
√
3〈τ1〉 2
√
2〈τ1〉1/4√
3γ1ǫ3/4
2
√
6γ1γ2〈τ1〉〈τ2〉5/4
γ2〈τ1〉1/2−γ1〈τ2〉1/2 ǫ
3/4
2
√
3〈τ2〉 2
√
6γ1γ2〈τ1〉5/4〈τ2〉
γ1〈τ2〉1/2−γ2〈τ1〉1/2 ǫ
3/4 2
√
2〈τ2〉1/4√
3γ2ǫ3/4

 , (3.23)
so that the moduli δτi can be written in terms of the canonically normalized fields ϕ0, ϕ1, ϕ2
as
δτ0 =M0iϕi = 2√
3ǫ
ϕ0 − 2
√
6〈τ1〉5/4
γ
1/2
1
ǫ1/4ϕ1 − 2
√
6〈τ2〉5/4
γ
1/2
2
ǫ1/4ϕ2 , (3.24)
δτ1 =M1iϕi = 2
√
3〈τ1〉ϕ0 + 2
√
2〈τ1〉1/4√
3γ1ǫ3/4
ϕ1 +
2
√
6γ1γ2〈τ1〉〈τ2〉5/4
γ2〈τ1〉1/2 − γ1〈τ2〉1/2
ǫ3/4ϕ2 , (3.25)
δτ2 =M2iϕi = 2
√
3〈τ2〉ϕ0 + 2
√
6γ1γ2〈τ1〉5/4〈τ2〉
γ1〈τ2〉1/2 − γ2〈τ1〉1/2
ǫ3/4ϕ1 +
2
√
2〈τ2〉1/4√
3γ2ǫ3/4
ϕ2 . (3.26)
Couplings to Gauge Bosons
For D7-branes wrapping τ1, the gauge coupling is determined by a holomorphic term
L ⊃ − τ1
4π
F aµνF
a,µν . (3.27)
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Upon canonical normalisation of the fields6, the last term in Eq. (3.25) produces an effective
dimension five coupling between the photon and the quintessence field
L ⊃ σϕ2〈V〉1/2F
a
µνF
a,µν , (3.28)
where
σ =
2
√
6γ1γ2〈τ1〉〈τ2〉5/4
γ2〈τ1〉1/2 − γ1〈τ2〉1/2
. (3.29)
On restoring units, the interaction is suppressed by a scale
Λ ∼MplV1/2. (3.30)
Note that the scale the suppression is weaker that Mpl by a factor of square root of the
volume of the compactification.
Couplings to Matter Fields
Next, let us compute how the scalar τ2 couples to matter fields localised on a D7-brane
wrapping the cycle τ1. For this, one requires a knowledge of the matter metrics in the
visible sector. While these are not know in general, they can be determined in the limit of
τ0 ≫ τ1 [132–134]. For matter arising from D7-branes wrapping the a blow-up cycle, the
matter metric is:
Kαβ ∼ τ
1/3
1
V2/3 δαβ ≃
τ
1/3
1
τ0
(
1 +
2
3
τ
3/2
1
τ
3/2
0
+
2
3
τ
3/2
2
τ
3/2
0
)
δαβ . (3.31)
Taking τi = 〈τi〉+ δτi, to leading order in the fluctuations
Kαβ =
〈τ1〉1/3
〈V〉2/3
(
1 +
1
3
δτ1
〈τ1〉 −
δτ0
〈τ0〉 +
γ1〈τ1〉1/2
〈τ0〉3/2
δτ1 +
γ2〈τ2〉1/2
〈τ0〉3/2
δτ2
)
, (3.32)
where 〈V〉 = α (〈τ0〉3/2 − γ1〈τ1〉3/2 − γ2〈τ2〉3/2). The Lagrangian for matter fields, in par-
ticular the electron e is given by
L ⊃ Keeeγµ∂µe+ eK/2y˜Hee , (3.33)
where y˜ is the cubic superpotential Yukawa coupling. Note that
eK/2 ≃ V−1 ≃ 1〈V〉
(
1− 3
2
δτ0
〈τ0〉 +
3
2
γ1〈τ1〉1/2
〈τ0〉3/2
δτ1 +
3
2
γ2〈τ2〉1/2
〈τ0〉3/2
δτ2 +O
(V−2)
)
. (3.34)
Hence
L ⊃ K0eγµ∂µe
(
1 +
1
3
δτ1
〈τ1〉 −
δτ0
〈τ0〉 +
γ1〈τ1〉1/2
〈τ0〉3/2
δτ1 +
γ2〈τ2〉1/2
〈τ0〉3/2
δτ2
)
+ (3.35)
+
y˜H
〈V〉ee
(
1− 3
2
δτ0
〈τ0〉 +
3
2
γ1〈τ1〉1/2
〈τ0〉3/2
δτ1 +
3
2
γ2〈τ2〉1/2
〈τ0〉3/2
δτ2
)
. (3.36)
6We use the normalisation for the gauge fields in which their kinetic terms are given by L ⊃
−
1
4e2
F
a
µνF
a,µν , as with this it is easier to compare with the bounds inferred in [6].
where K0 = 〈τ1〉1/3/〈V〉2/3. After canonical normalization of the electron field: eˆ =
√
K0e
and electroweak symmetry breaking, the Lagrangian takes the form
L ⊃ eˆ (γµ∂µ +me) eˆ
(
1 +
1
3
δτ1
〈τ1〉 −
δτ0
〈τ0〉 +
γ1〈τ1〉1/2
〈τ0〉3/2
δτ1 +
γ2〈τ2〉1/2
〈τ0〉3/2
δτ2
)
+
−meeˆeˆ
(
1
2
δτ0
〈τ0〉 +
1
3
δτ1
〈τ1〉 −
1
2
γ1〈τ1〉1/2
〈τ0〉3/2
δτ1 − 1
2
γ2〈τ2〉1/2
〈τ0〉3/2
δτ2
)
, (3.37)
where me is the electron mass. The contributions from the first line of Eq. (3.37) vanish
on-shell: the physical couplings are determined purely from the contributions in the sec-
ond line. We can also neglect the term proportional to δτ1/〈τ0〉3/2, since it is subleading
with respect to the term proportional to δτ1/〈τ1〉. Using the expressions for the basis
change in (3.24-3.26) we infer the couplings of the electron to the canonically normalised
(quintessence) scalar ϕ2:
Lint ⊃ −
(
σ0
〈V〉5/6
ϕ2
Mp
+
σ1
〈V〉1/2
ϕ2
Mp
+
σ2
〈V〉1/2
ϕ2
Mp
)
meeˆeˆ , (3.38)
where
σ0 =
√
6〈τ2〉5/4
γ
1/2
2
, σ1 =
2
√
2√
3
γ1γ2〈τ2〉5/4
γ2〈τ1〉1/2 − γ1〈τ2〉1/2
, σ2 = −
√
2γ2
3
〈τ2〉3/4 . (3.39)
Notice that the electron coupling is suppressed by the same scale as in Eq. (3.97) for
the gauge bosons, i.e. there is a factor of V1/2 in addition to the Mpl suppression of the
dimension five operators7. Couplings of the quarks can be computed in exactly the same
manner, their interactions are also suppressed by the same scale.
Bounds
Now, let us discuss implications of our result in the context of the bounds on fifth forces
and time variation of fundamental constants. We have found ϕ2 couples to both the gauge
fields and Standard Model fermions with interactions which are suppressed by a scale
Λ ∼ V1/2Mpl. As we want to infer order-of-magnitude contraints at the string scale, using
a value of the gauge couplings compatible with unification α−1 ≃ 1/25 (i.e. 4e2 ∼ O(1)),
the most stringent bound comes from
dc ≃ 4e
2σ
V1/2 < 10
−6 , (3.40)
which translates into a lower bound on the volume:
V > 1012, (3.41)
which is a rather strong condition. In Eq. (3.40) we have assumed that the blow-up
dependent coefficient σ in Eq. (3.71) is of O(1). Notice that this is a mild assumption and
7There are ambiguities in the form of the matter metric in Eq. (3.32) at subleading order in the inverse
volume expansion [135, 136]. These can affect the last term in Eq. (3.38), but the first and second term
would not be affected.
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anyway a value of σ which slightly deviates from O(1) does not affect the strong result in
Eq. (3.41). The most stringent bounds on the time variation of fundamental constants
are for the the fine structure constant [121], from the onset of domination of dark energy
domination one requires
δα
/
α < 10−6. (3.42)
To compute the variation of α precisely one needs to track the evolution of the quintessence
field and carry of canonical normalisation along its trajectory8, but quick estimate can be
made by assuming that the volume of the compactification remains approximately constant
and the displacement of the blow-up mode is of the order of the string scale. This gives
V > 104, which is much weaker than the condition obtained from the bounds on fifth forces
in Eq. (3.41).
3.2.2 SM from D3-branes at a singularity
Next, we analyse the case when the visible sector degrees of freedom are located on D3-
branes at a singularity; the geometrically separated light modulus will continue to be a
blow-up. For D3-branes at a singularity, the gauge coupling is given by the dilaton; we
shall be interested in the kinetic mixing of the the dilaton and the blow-up. Therefore, we
begin by considering the Ka¨hler potential of the setup by including the universal N = 2 su-
persymmetric α′ correction [138] as this induces the required mixing. The Ka¨hler potential
is given by (see [139]):
K = −2 log
(
α
(
τ
3/2
0 − γ2τ3/22
)
+
ξs3/2
2
)
− log (S + S¯)+ τ21V , (3.43)
where τ0 is the universal Ka¨hlermodulus, S = s + iC0 the axio-dilaton, τ1 the modulus
associated with the singularity and τ2 the geometric blow-up. At the singular locus, it is
easy to see that τ1 does not kinetically mix with any other other moduli, the Ka¨hlermetric
in the {τ0, s, τ2} subspace can be written as
Kij = K
(0)
ij +K
(1)
ij +K
(2)
ij + ...
with
K
(0)
ij =

Aǫ
2 0 0
0 B 0
0 0 Cǫ3/2

 ,
K
(1)
ij =

 0 Dǫ
5/2 Eǫ5/2
Dǫ5/2 0 0
Eǫ5/2 0 0

 , K(2)ij =

0 0 00 0 Fǫ3
0 Fǫ3 0

 , (3.44)
where we have defined
A =
3
4
, B =
1
4s2
, C =
3γ2
8
√
τ2
,
8See [137] for such a computation (in inverse volume expansion) in the inflationary context.
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D =
9ξ
√
s
16α
, E = −9
8
γ2
√
τ2 , F = −
9ξγ2
√
sτ2
16α
. (3.45)
Using the same procedure as before, we get the basis change matrix to be:
M =


2√
3ǫ
9ξ
2α〈s〉7/2ǫ5/2 − 2
√
6
γ
1/2
2
〈τ2〉5/4ǫ1/4
−3
√
3ξ〈s〉5/2
2α ǫ
3/2 2〈s〉 3
√
3ξγ
1/2
2√
2α
〈s〉5/2〈τ2〉3/4ǫ9/4
2
√
3〈τ2〉 −9ξγ22α 〈s〉7/2〈τ2〉1/2ǫ3 2
√
2〈τ2〉1/4√
3γ
1/2
2
ǫ3/4

 . (3.46)
Note that the mixing of s with τ2 (which determines the couplings of τ2 with gauge
bosons) scales as ǫ9/4 which is much lower than the ǫ3/4 mixing that we had found for the
corresponding quantity in the previous example (the mixing of τ1 with ϕ2 in Eq. (3.25)).
Therefore, we turn to examining the case when the mixings arise from the inclusion of the
leading loop corrections to the Ka¨hler potential in backgrounds with N = 1 supersymmetry
(instead of the universal α′-correction considered above). The Ka¨hler potential takes the
form:
K = −2 log
(
α
(
τ
3/2
0 − γ2τ3/22
))
− log (S + S¯)+ τ21V + Cˆτ
1/2
2(
S + S¯
)
τ
3/2
0
. (3.47)
The last term in Eq. (3.47) encodes the effect of loop corrections. Explicit computations in
toroidal examples and generic effective field theory arguments [140–144] show that such a
term is generated when a D7-branes wraps the cycle τ2. More generally, such a correction
can be generated in N = 1 backgrounds with NS-NS and R-R fluxes.9 The kinetic matrix
in the {τ0, s, τ2} basis can be written as
Kij = K
(0)
ij +K
(1)
ij +K
(2)
ij + ...
with
K
(0)
ij =

Aǫ
2 0 0
0 B 0
0 0 Cǫ3/2

 , K(1)ij =

0 0 00 0 Fǫ3/2
0 Fǫ3/2 0

 , (3.48)
K
(2)
ij =

 0 Dǫ
5/2 Eǫ5/2
Dǫ5/2 0 0
Eǫ5/2 0 0

 , (3.49)
where we defined
A =
3
4
, B =
1
4s2
, C =
3γ2
8
√
τ2
,
D =
3Cˆ
√
τ2
16s2
, E = − 3Cˆ
32s
√
τ2
− 9γ2
√
τ2
8
, F = − Cˆ
16s2τ
1/2
2
. (3.50)
9The loop we consider scales as α′2, it is an open question whether loop corrections at order α′ exist or
not. See [51] for a detailed discussion of the present status of understanding of loop corrections in type IIB
compactifications.
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The basis change matrix takes the form
M =


2√
3ǫ
3Cˆ
2 〈s〉〈τ2〉1/2ǫ5/2 −
(
Cˆ√
6γ
3/2
2
〈τ2〉1/4
〈s〉 +
2
√
6
γ
1/2
2
〈τ2〉5/4
)
ǫ1/4
−
√
3Cˆ
2 〈τ2〉1/2ǫ3/2 2〈s〉 Cˆ√6γ1/2
2
〈τ2〉1/4
ǫ3/4
2
√
3〈τ2〉+ Cˆ
2
√
3γ2
√
〈s〉 −
Cˆ
2
〈s〉
〈τ2〉1/2 ǫ
3/2 2
√
2√
3γ2
〈τ2〉1/4
ǫ3/4

 .
(3.51)
Couplings to Gauge Bosons
In the case of SM at singularity, the gauge kinetic function is given by the axio-dilaton S,
this translates to the coupling:
L ⊃ −s
4
F aµνF
a,µν . (3.52)
In the case that the mixing is generated by the universal α′ correction the basis change
matrix in Eq. (3.46) leads to a coupling between ϕ2 and the gauge bosons
L ⊃ −ζ〈s〉
5/2
〈V〉3/2 ϕ2F
a
µνF
a, µν , (3.53)
where
ζ =
3
√
3ξγ
1/2
2
4
√
2α
〈τ2〉3/4 , (3.54)
On restoring units, this corresponds on a suppression scale
Λ ∼Mpl 〈V〉
3/2
〈s〉5/2 . (3.55)
On the other hand, if the loops effects are responsible for the mixing, the basis change
matrix in Eq. (3.51) gives the coupling between ϕ2 and the gauge fields to be
L ⊃ ζ〈V〉1/2 ϕ2F
a
µνF
a, µν , (3.56)
where
ζ =
Cˆ√
6γ
1/2
2 〈τ2〉1/4
, (3.57)
and ϕ2 is the canonically normalized quintessence field. On restoring units, this corresponds
to a suppression scale
Λ ∼Mpl〈V〉1/2. (3.58)
Coupling to Matter Fields
For matter fields arising from D3-branes at singularities, in the limit τ0 ≫ 1, the
Ka¨hlermatter metric is given by Kαβ = V−2/3 [132–134]. On expanding the fields as
τi = 〈τi〉+ δτi one finds:
Kαβ =
δαβ
〈V〉2/3
(
1− δτ0〈τ0〉 +
γ2〈τ2〉1/2
〈τ0〉3/2
δτ2
)
, (3.59)
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where 〈V〉 = α (〈τ0〉3/2 − γ2〈τ2〉3/2). This give the interaction term involving the electrons
can be computed as before, it turns out to be:
L ⊃ −meeˆeˆ
(
1
2
δτ0
〈τ0〉 −
1
2
γ2〈τ2〉1/2
〈τ0〉3/2
δτ2
)
, (3.60)
where me the electron mass. In the case that the mixing arises from the universal α
′ cor-
rection (the corresponding basis change is given by Eq. (3.46)) then the coupling between
electrons and ϕ2 is
Lint ⊃
(
σ0
〈V〉5/6
ϕ2
Mp
+
σ2
〈V〉1/2
ϕ2
Mp
)
meeˆeˆ , (3.61)
where
σ0 = −
√
6
γ
1/2
2
〈τ2〉5/4 , σ2 =
√
2
3
γ
1/2
2 〈τ2〉3/4 . (3.62)
On the other hand, if the loop effects are relevant (and the corresponding basis change
matrix is in Eq. (3.51)) then the coupling between electrons and ϕ2 is
Lint ⊃ −
(
σ0
〈V〉5/6
ϕ2
Mp
− σ2〈V〉1/2
ϕ2
Mp
)
meeˆeˆ , (3.63)
where
σ0 =
(
Cˆ
2
√
6γ
3/2
2
〈τ2〉1/4
〈s〉 +
√
6
γ
1/2
2
〈τ2〉5/4
)
, σ2 =
√
2
3
γ
1/2
2 〈τ2〉3/4 . (3.64)
Before discussing the lower bounds on the volume that the above interactions imply,
we would like to note that in the case that the mixings are induced by the universal α′-
correction, the field ϕ2 couples to the gauge bosons and matter fermions with different
strengths. The reason for this is simple: its coupling to the gauge bosons is determined
by the mixing of τ2 to the dilaton, while its couplings to the matter fields are given by its
mixings with the volume modulus. As discussed in Section 2, the detailed phenomenology
of the implications of such non-universal couplings for violations of the equivalence principle
is yet to be developed. Our results give motivation for such an analysis.
Bounds
As mentioned above, in the case that the mixings are generated by the α′ corrections the
couplings are non-universal. It is natural to expect that the coupling to the gluons are the
most relevant for the bounds [2] (they are also weaker than the couplings of matter fields
in the case at hand). Requiring that the gluon couplings satisfy the condition in Section
2, i.e. (dcg)
2 < 10−12, one finds
V & 104/g5/3s ≃ 5×105 , in the case of mixing from the universal α′-corrections , (3.65)
where in the last step we have taken gs ≃ 0.1. On the other hand, in the case that the
mixing arises from the leading loop corrections we obtain the following constraint
V & 1012. (3.66)
Both bounds are strong, but our results illustrate the importance of having detailed knowl-
edge of the structure of quantum corrections in any model for addressing fifth force bounds
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3.2.3 M-theory with single blow-up
Next, we consider an example in M-theory compactified on a manifold of G2 holonomy. The
M-theory Ka¨hler potential is proportional to the log of the volume of the compactification
expressed in terms of the three cycles volumes. For our purposes it will be sufficient
to consider a toy example with two moduli - the volume φ0 and one blow-up φ1, with
〈φ0〉 ≫ 〈φ1〉. The modulus φ1 plays the role of the quintessence field, while φ0 sets the
gauge coupling αGUT. The Ka¨hler potential takes the form
K = −3 log
((
s0 + s¯0
2
)7/3
−
(
s1 + s¯1
2
)7/3)
,
where φ0 = Re(s0) and φ1 = Re(s1). The kinetic matrix in the limit φ0 ≫ φ1 is
Kij =


7
4φ2
0
− 49φ
4/3
1
12φ
10/3
0
− 49φ
4/3
1
12φ
10/3
0
7φ
1/3
1
3φ
7/3
0

 , (3.67)
the basis change matrix is easily obtained:
M =

 2〈φ0〉√7
√
7
3
〈φ1〉7/6
〈φ0〉1/6
−2
√
7〈φ1〉4/3
3〈φ0〉1/3
√
3
7
〈φ0〉7/6
〈φ1〉1/6 .

 (3.68)
Couplings to Gauge Bosons
The gauge coupling is determined by a holomorphic term
L ⊃ −φ0
4
F aµνF
a,µν . (3.69)
Upon canonical normalisation of the fields, the coupling between the photon and ϕ2 is
L ⊃ σϕ1〈V〉1/14F
a
µνF
a,µν , (3.70)
where
σ = −1
4
√
7
3
〈φ1〉7/6 . (3.71)
On restoring units, the interaction is suppressed by a scale
Λ ∼MplV1/14. (3.72)
Given the low power of V in Eq. (3.72), ϕ2 has essentially Planck suppressed couplings
with gluons for realistic value of the volume; thus cannot be very light.
3.3 Fibre Models
A large class of Calabi-Yaus are fibrations. Fibre moduli can have weaker-than-Planck
suppressed interactions with open string degrees of freedom that are localised in the com-
pactification, hence are interesting candidates for the being the quintessence scalar10.
10The model in [41] uses a fibre modulus as the quintessence field. The model relies on the supersymmetric
large extra-dimensions (SLED) proposal [145]. See [146] for a discussion of embedding of SLED in string
theory and the associated challenges.
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3.3.1 Standard Model at a geometric blow-up
We begin by analysing the case where the light field is a fibre modulus and the visible
sector is realised by a blow-up mode in the geometric regime. We will consider the simplest
constructions where the Ka¨hler potential takes the form11:
K = −2 logV = −2 log
(
Vˆ − γτ3/21
)
with Vˆ = α√τ2 (τ0 − βτ2) , (3.73)
where τ0 is the volume of the base, τ1 volume of the fibre, τ2 is the volume of the blow-up
mode, and α, β and γ are constants. For simplicity, in the following we will consider the
case β = 0 (see [148] for a recent discussion on such models in the context of fibre inflation).
In the large volume limit τ0 ≫ τ1, τ2 the volume of the internal manifold is approximately:
V ≃ α√τ2τ0 . (3.74)
Using the basis {τ2,V, τ1} the kinetic matrix can be written as
Kij = K
(0)
ij +K
(1)
ij , (3.75)
where δ = V−1 and
K
(0)
ij =

A 0 00 Bδ2 0
0 0 Cδ

 , K(1)ij =

 0 Dδ EδDδ 0 0
Eδ 0 0

 , (3.76)
and we have defined
A =
3
8τ22
, B =
1
2
, C =
3αγ
8
√
τ1
, D = − 1
4τ2
, E = −3αγ
√
τ1
8τ2
. (3.77)
The basis change matrix is given by
M =


2
√
2
3〈τ2〉 2
√
2
3 〈τ2〉 2
√
2αγ
3 〈τ1〉3/4〈τ2〉δ1/2
−43
√
2
3〈τ2〉2δ
√
2
δ −43
√
2
3αγ 〈τ1〉5/4δ1/2
−2αγ
√
2
3〈τ1〉1/2〈τ2〉2δ 2
√
2
3 〈τ1〉 2
√
2〈τ1〉1/4√
3αγ
1
δ1/2

 . (3.78)
Couplings to Gauge Bosons
From the basis change matrix in Eq. (3.78) and using Eq. (3.69) it is easy to see that the
coupling between the gauge bosons and the quintessence field is given by
L ⊃ ζϕ2〈V〉F
a
µνF
a, µν , (3.79)
where
ζ = −2αγ
√
2
3
〈τ1〉1/2〈τ2〉2 . (3.80)
11For realisations in explicit Calabi-Yaus see [147].
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On restoring units, the interaction is suppressed by a scale
Λ ∼Mpl〈V〉. (3.81)
Couplings to Matter Fields
The effective coupling of electrons changes slightly with respect to the previous Section
due to the different expression for the volume
Lint ⊃ meeˆeˆ
(
−1
3
δV
〈V〉 −
1
3
δτ1
〈τ1〉
)
, (3.82)
which, after the basis change leads to
Lint ⊃
(
σ1
〈V〉2
ϕ2
Mp
+
σ2
〈V〉
ϕ2
Mp
)
meeˆeˆ , (3.83)
where
σ1 =
4
9
√
2
3
〈τ2〉2 , σ2 = 2αγ
3
√
2
3
〈τ2〉2
〈τ1〉1/2
. (3.84)
Bounds
The bounds inferred by requiring that
(
dcg
)2
< 10−12 is
V & 106 . (3.85)
3.3.2 Fibre Models with SM at Singularity
Next, let us consider the case in which the light field continues to be a fibre modulus, but
the visible sector fields are realised by branes at singularities. Incorporating the effects of
the universal α′-correction, the Ka¨hler potential takes the form
K = −2 log
(
V + ξs
3/2
2
)
− log (2s) + τ
2
1
V , (3.86)
with the volume as in Eq. (3.86). In the basis {τ2,V, s}, the kinetic matrix can be written
as
Kij = K
(0)
ij +K
(1)
ij +K
(2)
ij + ...
with
K
(0)
ij =

A 0 00 Bδ2 0
0 0 C

 , K(1)ij =

 0 Dδ 0Dδ 0 0
0 0 0

 , K(2)ij =

0 0 00 0 Fδ2
0 Fδ2 0

 , (3.87)
where
A =
3
8τ22
, B =
1
2
, C =
1
4s2
, D = − 1
4τ2
, F =
3ξ
√
s
8
. (3.88)
The basis change matrix is given by
M =


2
√
2
3〈τ2〉 2
√
2
3 〈τ2〉 6ξ〈s〉
11/2〈τ2〉
3〈s〉2−2〈τ2〉2 δ
3
−43
√
2
3〈τ2〉2δ
√
2
δ 3ξ〈s〉7/2δ2
4
√
2√
3
ξ〈s〉5/2〈τ2〉4
2〈τ2〉2−3〈s〉2 δ
3 − 3√
2
ξ〈s〉5/2δ 2〈s〉

 . (3.89)
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Note that the mixings induced between the dilaton and the fibre is rather small (it scales
as δ3), this it is important to consider loop effects. Following [140–144], we take the
Ka¨hler potential to be12
K = −2 log Vˆ − log (2s)− λ2
sτ2
. (3.90)
Using the basis {τ2,V, s}, in the regime τ0 ≫ τf ≫ 1, the kinetic matrix can be written as
Kij = K
(0)
ij + ǫ1K
(1)
ij + ǫ2K
(2)
ij , (3.91)
where ǫ1 =
1
4τ2
2
s2
, ǫ2 = V−1 and ǫ2 ≪ ǫ1. With
K
(0)
ij =

A 0 00 Bǫ22 0
0 0 C

 , K(1)ij =

 0 0 Eǫ10 0 0
Eǫ1 0 0

 , K(2)ij =

 0 Dǫ2 0Dǫ2 0 0
0 0 0

 , (3.92)
where we have defined
A =
3
8τ22
, B =
1
2
, C =
1
4s2
, D = − 1
4τ2
E = −λ2 . (3.93)
The basis change matrix is given by
M =


2
√
2τ2√
3
2
√
2τ2
3
16λ2τ22 s
3ǫ1
3s2−2τ2
2
−4
√
2τ2
2
ǫ2
3
√
3
√
2
ǫ2
−16λ2τ2s5ǫ1ǫ2
3s2−2τ2
2
16
√
2λ2τ32 s
2ǫ1√
3(2τ2
2
−3s2)
2
√
2λ2
3τ2
2s

 (3.94)
Next, let us compute the couplings of ϕ2 to gauge bosons and matter fields.
Couplings to Gauge Bosons
In the case that the mixings are generated by the universal α′ corrections, it is easy to see
from the basis change matrix in Eq. (3.89) and Eq. (3.52) that the coupling between the
gauge bosons and ϕ2 is given by
L ⊃ ζϕ2〈V〉3F
a
µνF
a, µν , (3.95)
where
ζ = −
√
2
3
ξ〈s〉1/2〈τ2〉4
3− 2
( 〈τ2〉
〈s〉
)2 . (3.96)
Restoring units, the interaction is suppressed by the scale
Λ ∼Mpl〈V〉3. (3.97)
On the other hand, if the mixing is due to loop effects, as given in Eq. (3.3.2), then the
coupling takes the form
L ⊃ ζϕ2F aµνF a, µν , (3.98)
12As in Section we take the loop correction to be scaling as α′2. A correction scaling as α′ if present will
lead to stronger mixings, thus our results can be be considered as lower bounds.
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where
ζ = − 4
√
2λ2τ
3
2 s
2ǫ1√
3(2τ22 − 3s2)
. (3.99)
Couplings to Matter Fields
The couplings to electrons and other matter fermions can computed as in Section 12. One
finds
Lint ⊃ meeˆeˆ
(
−1
3
δV
〈V〉
)
. (3.100)
After making use of the basis change matrices in Eq. (3.89) and this leads couplings
Lint ⊃ σ1〈V〉2
ϕ2
Mp
meeˆeˆ , (3.101)
where
σ1 =
4
9
√
2
3
〈τ2〉2 . (3.102)
for both the cases.
Bounds
As in Sec. 12, the couplings to matter and to gauge bosons have different strengths. As
discussed earlier, a detailed analysis of the bounds for such cases is yet to be done. In
the case that the mixings are generated by the universal α′ correction; imposing that
the condition
(
dcg
)2
< 10−12 (as one expects the gluon couplings to be most relevant
for the bounds13), one finds V & 102. The condition is not very strong. Thus it is
important to check the effect that loops have. From Eq. (3.99), one sees that in at
generic points in the moduli space the loop effects general a coupling which has no volume
suppression, preventing ϕ2 from light. For large τ2 the coupling scales as τ
−1
2 , even in the
case τ2 ∼ V2/3 ≫ 1, one would obtain strong bounds.
Before closing this Section we would like to note that one can compare the strength
of mixings obtained by us to those obtained by diagonalising both the kinetic and mass
matrices [127, 128] (which were done in the presence of a specific potential). In all cases,
the mixings obtained by us are of lower or equal strength. This is in keeping with the
expectation that our results should be considered as lower bounds on the strength of the
interactions.
4 Kinetic Mixing of U(1) fields:
In this Section, we will consider the situation where the quintessence scalar does not couple
directly to the Standard Model photon, but has direct couplings to a hidden sector photon
and analyse the implications that kinetic mixing between the U(1)s has for quintessence.
We take the tree level Lagrangian to be of the form:
L ⊃ − 1
4e2
F 1µνF
1µν − 1
4
h (φ/Mpl)F
2
µνF
2µν
13The gluon couplings are also weaker than the matter couplings for the case at hand, this the condition
used is conservative.
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where F 1µν is the electromagnetic field strength and F
2
µν is the field strength of associated
with a gauge field which is in the sector of the quintessence field (φ). We will confine our
analysis to the case where there is a single hidden photon, the arguments easily generalise
to cases with multiple hidden photons. While geometric separation naturally leads to such
a structure in the tree level kinetic terms, but this is not preserved once quantum effects are
incorporated. Integrating out heavy bi-fundamental string states leads to kinetic mixing
between gauge fields [149–151]. In general, if the gauge couplings of the two sectors are g1
and g2 generic estimates of the loop factors give the strength of the kinetic mixing to be
λ ≈ 1
12π2
g1g2. (4.1)
Incorporating the couplings to matter, the Lagrangian takes the form
L ⊃ −1
4
ZabF
a
µνF
b µν − 1
2
M2abA
a
µA
b µ − jµaAaµ , (4.2)
where F aµν = ∂µA
a
ν − ∂νAaµ and jµa are the currents to which each gauge boson couples. We
take the kinetic and mass matrices to be of the form
Z =
(
1 λ
λ 1
)
and M2 =
(
m2A µ
2
µ2 m2B
)
(4.3)
Diagonalising the kinetic and mass matrices, the Lagrangian becomes:
L = −1
4
FaµνFµνa −
1
2
(
M2+A+µAµ+ +M2−A−µAµ−
)
+Nabj
µ
aAbµ , (4.4)
where
N =
1√
1− λ2
(
cos(θ + αˆ) − sin(θ + αˆ)
sin(θ − αˆ) cos(θ − αˆ)
)
. (4.5)
where the angles θ and αˆ are
sin 2αˆ = λ and tan 2θ =
2µ2 − (m2A +m2B)λ
(m2A −m2B)
√
1− λ2 . (4.6)
The mass eigenvalues M± are
M2± =
m2A +m
2
B − 2λµ2 ±∆
2(1− λ2) , (4.7)
with
∆2 = (m2A −m2B)2 + 4µ4 − 4λµ2(m2A +m2B) + 4λ2m2Am2B . (4.8)
Now, let us analyse the implications this has for time dependence of couplings in the
Standard Model sector.
• Ifm2A = µ2 = 0, then one of the gauge fields (corresponding to the photon) is massless.
The other gauge field has mass M2+ = m
2
B/(1 − λ2) . Also sin 2θ = sin 2αˆ = λ, as a
result of this only the massive (hidden) vector acquires a coupling to both currents
Lint = jµ1A−µ +
1√
1− λ2 (j
µ
2 − λjµ1 )A+µ . (4.9)
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The couplings of the massless photon are unaffected by the mixing. Hence, a time
variation of the hidden sector gauge coupling due to a rolling quintessence scalar does
not affect the fine structure constant.
• Next let usM2ab = 0. In this case, one can take θ = 0, N = Z−1/2; both gauge bosons
in general couple to both currents
Lint = cos αˆ√
1− λ2
(
jµ1A−µ + jµ2A+µ
)− sin αˆ√
1− λ2
(
jµ1A+µ + jµ2A−µ
)
, (4.10)
with sin2 αˆ = 12
[
1−√1− λ2
]
and cos2 αˆ = 12
[
1 +
√
1− λ2
]
. Note that, in this case
the coupling of the visible sector photon A1µ to jµ1 depends on the mixing parameter.
Thus, a change in the mixing parameter caused due to a rolling quintessence scalar
leads to time variation in the fine structure constant. For small λ, cos αˆ ∼ 1 − λ28 .
Thus we have δα/α = δ(λ
2)
4 . Making use of the expression for for strength of the
mixing parameter in Eq. (4.1)
δα
α
≃ αδ(g
2
hidden)
144π3
Note that even for an O(1) differential variation of the hidden sector coupling, the
differential variation in the fine structure constant is within the bounds δα/α < 10−6.
In summary, the rolling quintessence scalar which couples to a hidden sector gauge
field can lead to a time variation of the fine structure constant only if the hidden gauge
field is massless14. Even in this case, this there is no tension with the bound for generic
estimates of the loop factors.
5 Discussion
Geometric separation in the extra-dimensions provides a mechanism to have fields which
interact with the visible sector with weaker-than-Planck suppressed couplings. We have
examined the strength of such interactions in cases in which they arise due to kinetic
mixing of scalars and gauge fields. In our explicit analysis of kinetic mixing of scalars we
considered the prototypical settings to have geometric separation between a light modulus
and the Standard Model: the modulus was taken to be a geometric blow-up modulus or a
fibre modulus, while the Standard Model was realised from D7-branes wrapping another
blow-up mode or from branes at singularities. In all cases, we found that the bounds
from fifth forces imposed interesting constraints. We would now like to make some general
remarks.
From our computations in Section 3, it is easy to see that a non-zero Kτqτsm (where τq
denotes a light scalar and τsm a modulus that sets the value of the Standard Model cou-
plings) entry in the Ka¨hlermetric leads to interactions between τq and the Standard Model
sector. In cases where this entry is vanishing, interactions will in general be “mediated”
14The bounds on dark radiation disfavour the presence of such massless gauge fields.
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by the volume modulus. Since the wavefunction of the volume modulus has support in all
regions of the extra-dimensions, all moduli are expected to have direct interactions with it
leading to non-zero Kτbτq and Kτbτsm entries in the kinetic matrix. Now, even if the Kτqτsm
entry is non-zero, diagonalising the kinetic matrix will in general involve a basis change
which leads to a mixing between τq and τsm (as can be seen from second-order perturbation
theory in the off-diagonal entries of the Ka¨hlermetric). An interesting exception to this is
the case when τq is exactly at the singular locus. At leading order, the Ka¨hler potential for
the field is given by:
K ⊃ τ
2
q
V . (5.1)
Note that Kτqτb vanishes at τq = 0, thus interactions “mediated by the volume” are ab-
sent. This vanishing is similar in spirit to the mechanisms in [152–154] to avoid couplings
between moduli and Standard Model fields. Interactions would be induced by terms in the
Ka¨hler potential which are linear in τq, such as:
K ⊃ τqτsmVp . (5.2)
It should be possible to determine the power of volume (p) that appears in Eq. (5.2) by
performing calculations in the orbifold limit. If examples with high values of p can be
found (see [155, 156] for symmetry considerations that can lead to high p), they would
provide interesting settings to evade bounds from fifth forces. Although, if the field is to
be used to drive quintessence one would have to explain why the scalar is exactly at or
very close to the singular point today. More generally, there are various mechanisms to
realise sequestered sectors. Fields localised in warped throats interact weakly with degrees
of freedom in the bulk of the compactification. In addition to suppression by powers of
the volume15, the interactions are suppressed by the warp factor at the bottom of the
throat. The construction of [40] uses an axionic field in a 10−3 eV warped throat to drive
quintessence16. As discussed in detail in [40], there are many model building challenges
that can arise in constructions with such long throats: the cosmological moduli problem,
the danger of formation of black brane horizons and overproduction of dark radiation.
These have to be addressed in detail for each model separately. Another way to evade the
bounds from fifth forces is to construct models where screening effects [159–161, 161–164]
are relevant. See [165] for a discussion of possible embedding of the chameleon mechanism in
supergravity17. Finally, we would like to mention that in arriving at the lower bounds on the
volume we have assumed that there is no alignment between the kinetic and mass matrices
so that their effects precisely cancel when the interactions between the light modulus and
the visible sector are computed (as described in detail in Section 3). It will be interesting
to explore if it is possible to get such alignments in string compactifications naturally.
15We note that the wavefuction of the volume modulus becomes non-uniform in the presence of warping,
with lower support in warped throats [157, 158].
16Axions do not mediate long-range forces between macroscopic bodies, fifth forces are trivially satisfies
for light axions, [40] used warping to lower the scale of the quintessence potential.
17For general discussions of quintessence model building in supergravity see e.g. [166–169].
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Next, we would like to discuss another interesting feature revealed by our study. In
many of the examples in Section 3, we have found the strengths of the couplings of the
geometrically separated modulus to the visible sector fields to be non-universal, i.e. it
couples to the gauge bosons and matter fermions with different strengths. The implications
of such couplings for violations of the equivalence principle have not been studied in detail
in the literature. It is important to develop the detailed phenomenology of such models as
in [170], starting from the RG running of the high scale Lagrangian. We hope to pursue
this direction in the future.
Our results can also be used to quantify the fine-tuning necessary for stability against
quantum corrections involving visible sector loops. A rough estimate of the effect of visible
sector loops on the mass of the quintessence field can be obtained as in [2], for a theory where
the couplings between the quintessence field and the visible sector fields are suppressed by
the scale Λ, quantum corrections give
δm2q ∼
Λ4UV
Λ2
, (5.3)
wheremq is the mass of the quintessence field and ΛUV is the cut-off scale. For the example
involving two blow-up moduli discussed in Section 3.2.1, if the volume is taken to be
V ∼ 1012 (so that the fifth force bounds are evaded), Eq. (5.3) yields δmq ∼ 1 GeV, where
we have taken supersymmetry to be broken at a high scale (i.e there are no cancellations
amongst visible sector loops). This is forty orders of magnitude greater than the physical
mass. Similar estimates can be performed for the other examples and scenarios with low
scale supersymmetry18. For more accurate quantifications and an understanding of the
functional fine-tuning involved, one can start from the couplings derived in Section 3 and
make use of the formalism developed in [123].
6 Conclusions
Moduli fields play a central role in string phenomenology. For Planck suppressed interac-
tions between moduli and the visible sector, fifth force bounds prevent them from being
light and the bounds from time variation of fundamental constant prevent them from be-
ing cosmologically active. Geometric separation can lead to weaker-than-Planck suppressed
couplings between moduli and the visible sector. We have examined the strength of the
interactions between such geometrically separated moduli and the Standard Model sector
induced by kinetic mixings. Our results should provide lower bounds on the strength of
such interactions unless the mass and kinetic matrices are aligned so as to cancel each oth-
ers effects or screening effects are relevant. If the modulus is taken to be massless (which
is a good approximation if it is to drive quintessence) fifth force bounds lead to interesting
lower bounds on the volume. In the context of quintessence, our results reiterate the im-
portance of constructing models where all moduli are stabilised, so that all the couplings of
the field driving quintessence can be computed explicitly and the compatibility with fifth
18Supersymmetry together with weaker-than-Planck suppressed interactions can lead to unexpectedly
light scalars in extra-dimensional theories [171].
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force bounds can be examined. More generally, the next generation of experiments plan to
improve on the tests of the equivalence principle by two orders of magnitude (see e.g. [10])
- the time is ripe to develop a detailed understanding of couplings between moduli fields
and the visible sector fields in string theory models.
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